The cellular stress response triggers a cascade of events leading to transcriptional reprogramming and a transient inhibition of global protein synthesis, which is thought to be mediated by phosphorylation of eukaryotic initiation factor-2α (eIF2α). Using mouse embryonic fibroblasts (MEFs) and the fission yeast S. pombe, we report here that rapid translational arrest and cell survival in response to hydrogen peroxide-induced oxidative stress do not rely on eIF2α kinases and eIF2α phosphorylation. Rather H 2 O 2 induces a block in elongation through phosphorylation of eukaryotic elongation factor 2 (eEF2).
INTRODUCTION
mRNA translation, the energetically most demanding step in gene expression, is tightly regulated (Buttgereit and Brand, 1995; Rolfe and Brown, 1997; Sonenberg and Hinnebusch, 2009 ). Although translation is conceptually separated into discrete biochemical steps -initiation, elongation, termination, and ribosome recycling (Hershey et al., 2012 ) -regulation may occur in a more integrated fashion in vivo, affecting multiple steps simultaneously (Richter and Coller, 2015; Sha et al., 2009 ).
One of the best-studied regulatory pathways centers around eukaryotic initiation factor 2 (eIF2), a GTP-binding protein containing three subunits, α, β and γ. As part of the ternary complex (also comprising of the initiator tRNA-methionine and GTP), eIF2 joins the 40S ribosome in scanning the mRNA for an initiation codon. After the 60S ribosomal subunit is added upon start codon recognition, GTP is hydrolyzed, leading to the release of eIF2-GDP. To be reused in subsequent rounds of initiation, eIF2 bound to GDP must be converted to eIF2-GTP by the guanine nucleotide exchange factor eIF2B.
Phosphorylation of eIF2α on residue S51 increases its affinity for eIF2B but reduces its GDP to GTP exchange activity thus resulting in reduced levels of functional eIF2 leading to inhibition of global mRNA translation (Pavitt, 2018) . eIF2α phosphorylation is pivotal for ablating translation in response to environmental stress (Wek et al., 2006) . Eukaryotic cells recognize and process diverse stress signals to elicit programs of gene expression that are designed to alleviate cellular damage, or alternatively induce apoptosis. Important contributors to this stress response are a family of four protein kinases (PERK, PKR, GCN2, and HRI) that phosphorylate eIF2α on Ser51 and inhibit protein synthesis, thereby conserving energy and facilitating the reprogramming of gene expression and signaling to restore protein homeostasis (Wek, 2018; Wek et al., 2006) . However, previous reports in yeast showed that the eIF2α kinase Gcn2 as well as the eIF2α phosphorylation site are dispensable for translational inhibition in response to H 2 O 2 and ultraviolet light (Knutsen et al., 2015; Shenton et al., 2006) . These studies also provided evidence that H 2 O 2 impedes translation elongation, although the underlying signaling and the interplay between effects on initiation and elongation remained unclear. Likewise, it remained open whether control at the level of elongation is conserved in mammalian cells.
Even though initiation of translation is considered the most important regulatory step, there is increasing attention on mechanisms that affect other steps, in particular elongation (Richter and Coller, 2015) . Two important elongation regulatory factors are eukaryotic elongation factor 2 (eEF2) and its kinase, eEF2K. Eukaryotic elongation factor 2 kinase (eEF2K) is a Ca 2+ /calmodulin (CaM)-dependent kinase, which negatively modulates protein synthesis by phosphorylating eEF2 (Kenney et al., 2014; Tavares et al., 2014) . Phosphorylation at Thr56 within the GTP-binding domain of eEF2 prevents its recruitment to ribosomes and thus blocks elongation (Carlberg et al., 1990) . eEF2K is subject to regulation by cellular nutrient and energy status. Nutrient depletion is associated with activation of eEF2K via AMPK and inhibition of TORC1 signaling pathways, resulting in increased autophagy and cell survival (Kruiswijk et al., 2012) . The frequent overexpression of eEF2K in human cancers may thus confer tumor cell adaptation to microenvironmental nutrient stress (Fu et al., 2014) . As inhibition of eEF2K's survival function augments ER stress-induced apoptosis, eEF2K may be an anti-cancer drug target (Cheng et al., 2013; Fu et al., 2014) .
The tumorigenic state is marked by alterations activating a mutually reinforcing network of metabolic, genotoxic, proteotoxic, and oxidative stresses (Gorrini et al., 2013; Luo et al., 2009 ). Oxidative stress is particularly significant because it can both induce and result from the other forms of stress. Moderate levels of reactive oxygen species (ROS) may contribute to tumorigenesis either as signaling molecules or by inducing DNA mutations (Gorrini et al., 2013) . To sustain survival under high ROS levels typically seen in tumors, cells rely on sophisticated stress defense pathways that have been proposed as cancer drug targets (Luo et al., 2009 ). In particular, overwhelming oxidative stress defense either through inhibition of ROS scavenging or through augmenting ROS levels by chemotherapeutics or inducers of protein misfolding has been proposed as a promising strategy (Gorrini et al., 2013; Trachootham et al., 2009; Wolf, 2014) .
The important roles of ROS-mediated oxidative stress in cancer promotion and therapy contrast with the limited understanding of the effects of ROS on global gene expression programs that direct cell adaptation or death decisions. Whereas effects on transcription, mediated through prominent transcription factors such as NFκB, AP1, and NRF2, are well documented (Trachootham et al., 2008) , post-transcriptional levels of control remain largely unassessed. The prevailing dogma that stress impacts gene expression post-transcriptionally through shutdown of global translation as a consequence of eIF2α phosphorylation (Wek, 2018; Wek et al., 2006) has been qualified by studies in yeast (Knutsen et al., 2015; Shenton et al., 2006) . To gain further insight into post-transcriptional control of gene expression in response to oxidative stress, we 5 have addressed mechanisms conserved in mammalian cells and in fission yeast. Our data suggest that an integrated response at the levels of translation initiation and elongation coordinates survival under oxidative stress.
RESULTS

Oxidative stress-induced transcriptome changes differ depending on the status of eIF2α phosphorylation
To gain insight into layers of gene expression in response to oxidative stress, we obtained transcriptomic profiles by RNA sequencing. Immortalized mouse embryonic fibroblasts (MEFs) were used that carried either wildtype eIF2α (WT) or a point mutant in which the inhibitory Ser 51 phosphorylation site was replaced by alanine (eIF2α S51A ) thus rendering eIF2α insensitive to kinase-mediated inhibition and translational shutdown in response to stress (Back et al., 2009; McEwen et al., 2005) . To monitor acute and prolonged responses to oxidative stress, cells were exposed for either 15 or 120 minutes to 500 µM H 2 O 2 , and triplicate RNA samples were obtained for sequencing. Although eIF2α S51A MEFs had ~2-fold higher levels of cellular reactive oxygen species (ROS) at baseline, treatment with 500 µM H 2 O 2 led to a robust and comparable increase in ROS levels in both cell lines ( Figure S1A ,B).
Significant H 2 O 2 -induced changes in mRNA levels (p ≤ 0.05) at both treatment time points were identified with 613 mRNAs changing in wildtype MEFs and 982 in eIF2α S51A mutant MEFs. There was partial overlap in the responsive mRNAs but an approximately equal number of changes were unique to each cell line ( Figure S1C ). In WT cells, the transcriptional response peaked at 15 min ( Figure 1A ) and mostly consisted of downregulated mRNAs that encoded factors involved in protein synthesis ( Figure 1B ). Many of these changes were already present in eIF2α S51A MEFs at baseline (untreated, 0 min and Figure S1D ,E), indicating that the mutant cells display a partially activated stress response, possibly as a result of higher basal ROS levels ( Figure   S1A In contrast, few changes were observed in eIF2α S51A mutant MEFs after 15 min and the response was considerably stronger after 120 min ( Figure 1C ), indicating that eIF2α S51A mutant MEFs show an overall delayed response to H 2 O 2 . Unlike WT cells, which displayed mostly a gene repressive pattern, eIF2α S51A mutant MEFs showed a higher number of mRNAs upregulated than downregulated. Curiously, the pattern in eIF2α S51A MEFs at 120 min was an approximate mirror image of the pattern observed with WT cells at 15 min. Whereas the latter downregulated protein synthesis factors, they were upregulated in eIF2α S51A MEFs ( Figure 1D ). Conversely, protein folding was up in WT cells but down in eIF2α S51A MEFs. In summary, the mRNA profiles indicate that eIF2α phosphorylation substantially shapes gene expression in stressed and unstressed cells. The observed differences in the regulation of mRNAs encoding translation and protein folding factors may reflect distinct translational responses possibly resulting in differential sensitivity to H 2 O 2 .
Oxidative stress-induced translational inhibition is independent of eIF2α phosphorylation
To test the above idea, WT and eIF2α S51A mutant MEFs were exposed to inducers of oxidative and ER stress, followed by determination of cell viability. Whereas there was differential sensitivity to the ER stress inducer thapsigargin with eIF2α S51A mutant cells being more sensitive than WT MEFs as described previously (Hiramatsu et al., 2014) , both MEF lines showed equal sensitivity to cytotoxicity exerted by hydrogen peroxide (H 2 O 2 ) (Figure 2A ,B). Likewise, equal sensitivity of both MEF lines was observed for the oxidant tert-butyl hydroperoxide (TBHP). The same differential response was observed at the level of global protein synthesis. Whereas wildtype MEFs downregulated incorporation of fluorescently labeled amino acids into cellular proteins in response to ER stress inducers tunicamycin (Tm), thapsigargin (Tg), and dithiothreitol (DTT), eIF2α S51A mutant MEFs were less responsive ( Figure 2C ). In contrast, both wildtype and eIF2α S51A mutant MEFs responded with a ~50% inhibition of amino acid incorporation to challenge with 1 mM hydrogen peroxide ( Figure 2C ). An equal ~50% inhibition was obtained for both cell lines with the ribosomal elongation blocker cycloheximide ( Figure 2C ).
Likewise, dose responses for inhibition of protein synthesis by hydrogen peroxide did not differ between wildtype and eIF2α S51A mutant MEFs with both cell lines showing maximal inhibition at a concentration of 3 mM H 2 O 2 ( Figure 2D ). However, time course measurements with brief 5 minute pulses of [ 35 S]-methionine revealed markedly different kinetics of recovery of protein synthesis from insult with 1 mM H 2 O 2 . Whereas both cell lines exhibited acute inhibition of protein synthesis within 5 minutes of exposure to hydrogen peroxide, eIF2α S51A mutant MEFs recovered protein synthesis sooner than wildtype MEFs, returning to pretreatment levels within 60 minutes ( Figure 2E ).
Recovering wildtype MEFs did not reach pretreatment levels within the 120-minute time frame of the experiment.
While this data confirmed the canonical role of eIF2α phosphorylation as a mediator of ER stress-induced translation inhibition, it revealed an unexpected differential response to oxidative stress. Whereas eIF2α phosphorylation is dispensable for immediate translational shutdown following H 2 O 2 , it is required for maintenance of the inhibition, potentially enabling time demanding repair and recovery processes.
eIF2α kinases are dispensable for translational shutdown and survival under oxidative stress
In order to gain a more mechanistic understanding of eIF2α phosphorylationindependent translation inhibition under oxidative stress, we investigated the role of eIF2α kinases. For this, we turned to the fission yeast S. pombe as a model system due to its facile genetics and faithful recapitulation of the complexity of eIF2α phosphorylation. Like human cells, S. pombe encodes several different eIF2α kinases (Hri1p, Hri2p, Gcn2p) that phosphorylate a conserved serine residue (S52). Strains either carrying a S52A mutation of eIF2α or deleted for all three eIF2α kinases were fully viable as described previously (Berlanga et al., 2010; Tvegård et al., 2007) . Remarkably, both strains showed similar inhibition of protein synthesis in response to H 2 O 2 as observed in wildtype cells despite being completely deficient in eIF2α phosphorylation ( Figure 3A,B) .
Consistent with the data on inhibition of protein synthesis, neither the eIF2α S52A mutant nor the triple eIF2α kinase deficient strain was sensitive to H 2 O 2 exposure as compared to a strain deleted for the stress responsive MAP kinase, Sty1p ( Figure 3C , S3). In summary, these data strongly suggest that the conserved eIF2α phosphorylation site as well as the kinases modifying it are dispensable for both acute translational shutdown in response to oxidative stress and cell survival.
Translation elongation is blocked in the absence of eIF2α phosphorylation under oxidative stress
To corroborate these findings, we determined the effect of H 2 O 2 on the global distribution of ribosomes along a sucrose density gradient. In wildtype cells, H 2 O 2 triggered a timedependent redistribution of ribosomes from the polysomal to the monosomal 80S fraction, indicating that cells responded to oxidative stress with polysome run-off and suppression of the formation of new polysomes ( Figure 4A ). Only a marginal polysome to monosome shift was observed in eIF2α S51A mutant MEFs under the same conditions ( Figure 4A ). This finding suggested that ribosomes do not run off mRNAs in eIF2α S51A mutant MEFs exposed to oxidative stress. Figure S4C ). After 1 hour of exposure to H 2 O 2 , cells showed a decrease in polysomes that was more pronounced in wildtype cells relative to eIF2α S52A mutant cells ( Figure 4D ). Glucose depletion of H 2 O 2 treated wildtype cells led to complete polysome run-off ( Figure 4D ). In contrast, eIF2α S52A cells maintained substantial polysome levels under the same conditions, indicating reduced translation elongation ( Figure 4D ). Taken together, this data strongly suggested that oxidative stress induces a block in translation elongation that is especially apparent in cells unable to phosphorylate eIF2α.
eEF2K signaling is upregulated under H 2 O 2 -induced oxidative stress in the absence of eIF2α phosphorylation
We next assessed the potential involvement of negative regulators of translation elongation, specifically the kinase that phosphorylates translation elongation factor eEF2 (eEF2K). Wildtype and eIF2α S51A mutant MEFs were subjected to various ER and oxidative stress inducers followed by assessment of the inhibitory phosphorylation of 9 eEF2 on threonine 56. eEF2 phosphorylation was induced in both wildtype and eIF2α S51A mutant MEFs treated with H 2 O 2 , TBHP, and DTT ( Figure 5A ). However, eEF2 phosphorylation in response to oxidants, particularly H 2 O 2 , was considerably more pronounced in eIF2α S51A mutant MEFs ( Figure 5A ). Figure 5C ). H 2 O 2 -induced eIF2α phosphorylation in wildtype MEFs, which we determined to be mediated, at least to a large extent, by PERK ( Figure S4 ), did not peak until 1 hour after stress application, indicating that it may have a function in maintaining the translation bock for increased periods. In summary, this data shows that eEF2 phosphorylation occurs in an acute yet transient manner under oxidative stress.
Dose
Conversely, eIF2α phosphorylation is delayed but more sustained. Figure 6H ). Taken together, these data show that eEF2K is required for initiating translational inhibition under oxidative stress.
eEF2K is necessary for inhibiting translation under oxidative stress in S. pombe
To investigate whether eEF2K-mediated mechanism of translation inhibition is evolutionarily conserved, the role of eEF2K in protein synthesis under stress was studied in S. pombe. The cmk2 gene, encoding the putative S. pombe orthologue of eEF2K, was deleted in wildtype and eIF2α S52A mutant strains. By quantitative phosphoproteomics, we Acute exposure to H 2 O 2 revealed hypersensitivity of Δcmk2 and eIF2α S52A Δcmk2 strains ( Figure 7A ). Both the WT and eIF2α S52A strains showed decreased levels of protein synthesis comparable to the cycloheximide control ( Figure 7B ). The Δcmk2 and eIF2α S52A Δcmk2 strains, however, exhibited significantly higher levels of translation compared to the wildtype and eIF2α S52A strains ( Figure 7B ). Protein synthesis was also measured by short pulse labeling with [ 35 S]-methionine at various times after H 2 O 2 (5 mins -2 hrs). After 5 minutes, WT and eIF2α S52A strains showed a >50% reduction in protein synthesis, whereas Δcmk2 and eIF2α S52A Δcmk2 strains showed only a ~25% reduction ( Figure 7C ). The same differential effect was seen at the 2-hour time point when Δcmk2 and eIF2α S52A Δcmk2 cells had partially recovered protein synthesis. Unlike MEFs deficient in eEF2K, S. pombe cells lacking cmk2 still downregulated protein synthesis between 15 and 60 minutes after H 2 O 2 challenge ( Figure 7C) . It is thus possible that a partially redundant eEF2 kinase exists in fission yeast, perhaps the calmodulin-dependent kinase, Cmk1p. Regardless, in both S. pombe and mammalian cells, eEF2K facilitates acute inhibition of translation in response to oxidative stress.
DISCUSSION
Significance of blocking translation elongation in response to oxidative stress
The main observation of the present study is that, unlike with ER stress, acute translational shutdown in response to oxidative stress occurs independently of eIF2α phosphorylation despite robust eIF2α kinase pathway activation. Rather, we demonstrate in MEFs that oxidative stress triggers rapid activation of eEF2K and inhibitory phosphorylation of eEF2 thus effecting a block in elongation. While most known mechanisms of translational control are exerted at the level of initiation, more recently, control at the elongation step has come into focus (Richter and Coller, 2015) .
For example, genome-wide ribosome profiling in budding yeast has revealed that oxidative stress blocks elongation, especially in the first 50 codons (Gerashchenko et al., 2012; Wu et al., 2019) . A slowdown of elongation was also described in E. coli under hyperosmotic stress (Dai et al., 2018) . Together with our observations in MEFs, these findings suggest that a block in translation elongation is an evolutionarily conserved primary response to oxidative stress that may also be invoked under other stress conditions.
Temporally distinct roles of eIF2α and eEF2 phosphorylation in MEFs
If eIF2α is dispensable for translational shutdown, does it have any role in the response to oxidative stress? Our genetic data indicate that yeast and mammalian cells deficient in both, eIF2α and eEF2 phosphorylation, are supersensitive to killing by H 2 O 2 (Figure 6 7) . It thus appears that both pathways cooperate in the defense against oxidative stress.
Our kinetic data in MEFs show that eEF2 phosphorylation is a rapid and transient event (~ 5 -15 minutes), whereas eIF2α phosphorylation peaks with a delay but is sustained (~ 1 -6h). This suggests a temporal ordering of both events with eEF2 triggering the initial block in protein synthesis and eIF2α phosphorylation maintaining it ( Figure 8A ).
This conclusion is supported by our demonstration that cells deficient in eEF2
phosphorylation fail to initiate inhibition of protein synthesis, whereas MEFs deficient in eIF2α phosphorylation recover from the arrest precociously.
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The reliance on the instant arrest in protein synthesis afforded by blocking elongation as compared to the delayed response achieved by a block in initiation suggests that the initial translational stress response is primarily geared toward limiting the accumulation of damaged nascent proteins, whereas the delayed response at the level of initiation may serve resource conservation purposes. Arresting ribosomes may also enable expedient resumption of elongation upon passing a putative quality control step thus being economically advantageous.
The timing difference in the eIF2α and eEF2 phosphorylation responses may be explained by distinct upstream triggers, a rapid kinase cascade in the case of eEF2K/eEF2, and the delayed accumulation of unfolded proteins in the case of PERK/eIF2α. The exact nature of the kinase cascade culminating in eEF2K activation remains unknown and may differ between stress conditions and organisms. Confirming this, we have found that MAPK inhibitors potently prolong H 2 O 2 -induced eEF2 phosphorylation in MEFs ( Figure S5B) . It thus appears that, unlike in S. pombe, oxidative stress activates eEF2K in a MAPK-independent fashion in mammalian cells.
Conserved versus organism-specific response patterns
Since H 2 O 2 increases intracellular calcium within seconds (Hu et al., 1998; Jornot et al., 1999) , eEF2K may be directly activated by calmodulin in response to oxidative stress.
Activation of p38 may subsequently act to terminate eEF2K activity for translation elongation to resume ( Figure 8A ).
Crosstalk between eIF2α and eEF2 phosphorylation in MEFs
The pattern of eEF2 phosphorylation in MEFs is markedly disturbed by the absence of eIF2α phosphorylation, indicating crosstalk between the two translation regulatory pathways. Not only is eEF2 phosphorylation triggered at lower doses of H 2 O 2 (0.5 vs. 2 mM), the response is also substantially prolonged (2 hr versus 30 min). Thus, the pathway blocking elongation is hypersensitized and hyperactivated in the absence of the pathway inhibiting initiation. The hyperactivation of eEF2 phosphorylation suggests an eIF2α phosphorylation-dependent sensing mechanism that activates a negative feedback loop to inhibit eEF2, perhaps mediated by p38 kinase ( Figure 8A ). The This could simply be due to increased accumulation of misfolded proteins in cells deficient in acute elongation arrest of protein synthesis, although more intricate crosstalk scenarios are also conceivable.
Implications for cancer
Within the tumor microenvironment, cancer cells are frequently exposed to oxidative stress which arises from oncogenic stimulation, metabolic defects, hypoxia and nutrient depletion (Gorrini et al., 2013) . The ability to respond to oxidative stress is thus central to Figure S7 ). The data presented here demonstrate that eEF2K activation is also a rapid consequence of exposure to oxidative stress. Considering that many clinically used cancer therapeutics act by exerting oxidative stress, the status of the eEF2K pathway as well as its crosstalk with the eIF2α phosphorylation pathway may set a threshold that determines therapeutic response. Both pathways, possibly in combination, therefore appear attractive cancer drug targets, although effective eEF2K inhibitors remain to be developed (Liu and Proud, 2016).
LIMITATIONS OF THE STUDY
One limitation of the present study is the use of WT and eIF2α S51A mutant MEFs after long-term adaptation to tissue culture. While these two cell lines are supposed to vary in only one amino acid residue in eIF2α, our mRNA expression profiles show many differences that point to more substantial divergence of the two MEF lines. Acute, inducible knockout of the eIF2α S51A phosphorylation site would thus be preferable but no such system is currently available. We have mitigated this deficiency by performing additional experiments in S. pombe cells, which support our main conclusions that eIF2α phosphorylation is dispensable for translational arrest in response to H 2 O 2 , a response that is rather mediated by a block in translation elongation through eEF2K activation. A second limitation is that we observed higher than desirable variability in the response of final limitation is that we present tantalizing evidence of cross-talk between eIF2α phosphorylation and eEF2 phosphorylation but the molecular mechanism mediating this cross-talk remains to be determined in future studies. eIF2b, eIF3e, eIF3f, eIF3h,  eIF3k, eIF3l, eIF4h, eIF6   eEF1a1, eIF1a, eIF2a,  eIF3c, eIF3d, eIF3g, eIF3i,  eIF4g1&2, eIF4a1&3, eIF4e 
AUTHOR CONTRIBUTIONS
Conceptualization
